Redox-active minerals are ubiquitous in the environment and are involved in numerous electron transfer reactions that significantly affect biogeochemical processes and cycles as well as pollutant dynamics. As a consequence, research in different scientific disciplines is devoted to elucidating the redox properties and reactivities of minerals. This review focuses on the characterization of mineral redox properties using electrochemical approaches from an applied (bio)geochemical and environmental analytical chemistry perspective. Establishing redox equilibria between the minerals and working electrodes is a major challenge in electrochemical measurements, which we discuss in an overview of traditional electrochemical techniques. These issues can be overcome with mediated electrochemical analyses in which dissolved redox mediators are used to increase the rate of electron transfer and to facilitate redox equilibration between working electrodes and minerals in both amperometric and potentiometric measurements. Using experimental data on an iron-bearing clay mineral, we illustrate how mediated electrochemical analyses can be employed to derive important thermodynamic and kinetic data on electron transfer to and from structural iron. We summarize anticipated methodological advancements that will further contribute to advance an improved understanding of electron transfer to and from minerals in environmentally relevant redox processes.
■ INTRODUCTION
Redox-active minerals are ubiquitous in natural environments. Common redox-active elements in these minerals, besides oxygen and hydrogen, include iron, manganese, and sulfur. The redox properties and reactivities of these minerals have received considerable research interest in numerous scientific disciplines, including soil chemistry, biogeochemistry, environmental microbiology, environmental chemistry, and environmental engineering. 1−7 The broad interest reflects the fact that minerals play integral roles in a variety of electron transfer reactions that are important both for the biogeochemical cycling of elements and pollutant dynamics. For instance, redox transformations of iron-containing minerals are closely linked to the global carbon cycle. In anoxic soils and sediments, ferric (Fe 3+ )-containing minerals may serve as terminal electron acceptors during anaerobic microbial respiration on organic electron donors, 8−10 thereby contributing to organic carbon turnover in these systems. Microbial reduction of iron (oxyhydr-)oxides may also lead to their dissolution. 8,10−12 In this process, sequestered organic matter adsorbed to and/or enclosed in these minerals may become liberated and thereby susceptible to enhanced microbial degradation. 13−16 In the context of pollutant dynamics, redox-active minerals may act as reductants (e.g., ferrous iron (Fe 2+ ) in oxides, sulfides, or clay minerals) or oxidants (e.g., Mn 4+ in oxides) for organic and inorganic contaminants, including geogenic and anthropogenic metals and metalloids (e.g., lead, arsenic, chromium, uranium) as well as organic pollutants. 4,17−26 Despite much interest, obtaining a thorough understanding of redox processes involving minerals has proven to be extremely challenging due to both conceptual and technical obstacles. Conceptually, electron transfer to and from minerals can involve concurrent processes that complicate interpretation. These processes include mineral dissolution, adsorption and complexation of dissolved redox-active elements onto the mineral surface, electron transfer from the adsorbed elements to redox-active elements in the mineral structure, electron conduction in the mineral structure, atom exchange, and mineral recrystallization reactions. 27−38 In the past two decades, some of the conceptual complexities of mineral redox reactions have been understood and subsequently accounted for, thanks to considerable advances in spectroscopic and microscopic analyses. Today, a number of techniques are available to characterize mineral compositions and microstructures, including X-ray absorption near edge (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Mossbauer spectroscopy, (cryo-)transmission electron microscopy, calorimetry, and isotope ratio mass spectrometry. 39−44 The spectroscopic and microscopic insights are complemented by theoretical and computational improvements in describing mineral redox properties. 36,45−49 These advances led to the development of refined conceptual models that account for electron delocalization within mineral structures and the possibility for coupled redox reactions to occur at spatially separated sites. 28, 29, 50, 51 Compared to the significant advances in spectroscopic and microscopic tools and theory, considerably less progress has been made on improving experimental approaches to determine fundamental thermodynamic and kinetic parameters that describe mineral redox properties and reactivities in aqueous solutions. Instead, much of the current knowledge of mineral redox reactions is based on results from indirect measurements, such as measuring reaction rates and extents between iron-bearing minerals and organic probe compounds (e.g., substituted nitrobenzene compounds and chlorinated aliphatic compounds). 17,52−60 These indirect approaches have proven valuable for defining operational measures of mineral reactivity and/or redox buffering capacity and confirm many of the spectroscopically observed findings. These findings include reaction-induced irreversible alterations in the redox reactivity of minerals as well as the inability to describe redox-active minerals simply by single reduction potential values. 17,52−58 However, it is often difficult to determine the degree to which the observations depend on the probe compound(s) used. Furthermore, indirect measurements are often constrained in that they typically involve ex situ analyses and require relatively large mineral quantities and solution volumes. As a consequence, these measurements are ill suited to monitor changes in the redox states of minerals at high temporal resolution.
The constraints of indirect measurements can be overcome by using electrochemical approaches, which are capable of directly measuring kinetic and thermodynamic parameters of redox-active minerals in situ. Electrochemical approaches may also be used to follow changes in the redox states of minerals during reactions in real time. This review aims at familiarizing a larger audience in the fields of environmental sciences and biogeochemistry with analytical electrochemistry and its unique capabilities in characterizing redox-active minerals as well as other particulate geochemical phases. The review includes fundamental aspects of electrochemical techniques and is complemented by a detailed description of how to set up and carry out electrochemical measurements on redox-active minerals. The review is structured into four parts. The first provides a brief introduction to amperometric and potentiometric electrochemical measurements. The second part summarizes previous electrochemical work on mineral redox properties and highlights the major analytical challenges. The third and most extensive part of this review focuses on mediated electrochemical analyses of minerals. These analyses involve the use of dissolved redox mediators to facilitate redox equilibration between the minerals and working electrodes in both amperometric and potentiometric measurements. In the fourth and final part we provide an outlook of anticipated methodological advances in mediated electrochemical analyses and highlight how the use of mediated electrochemical analyses in future studies will advance our understanding of electrontransfer processes involving particulate geochemical phases.
■ ELECTROCHEMICAL ANALYSES OF REDOX-ACTIVE MINERALS Electrochemical techniques have unique capabilities for characterizing redox-active dissolved and solid-state geochemical phases with respect to both thermodynamics and kinetics of electron transfer. 61−65 Here, we briefly survey how electrochemical analyses are commonly conducted and what information they provide. We broadly split techniques between those in which electrons are exchanged between the sample and working electrode and currents are measured (i.e., amperometric techniques) and those in which no appreciable electron transfer occurs between the sample and working electrode and potentials are determined (i.e., potentiometric techniques). We further summarize challenges that arise when using these techniques to study redox-active minerals. For a comprehensive introduction to electrochemistry and electrochemical techniques, the reader is referred to several excellent textbooks and review articles on the topic. 61,65−70 Amperometric Techniques. Amperometric techniques can be used to measure electron transfer to and from redoxactive mineral phases under defined redox conditions. Amperometric measurements are typically conducted in three-electrode electrochemical cells that contain a working electrode, a reference electrode and a counter (or auxiliary) electrode. 67, 71 The three electrodes are immersed into a solution, which is commonly pH-buffered and contains an electrolyte. A potentiostat is used to apply defined potentials (E) to the working electrode relative to the reference electrode (commonly Ag/AgCl electrodes or saturated calomel electrodes, SCE). In addition to controlling E as an input variable, the potentiostat records the current (I) passing between the working electrode and the counter electrode. The currents are reductive or oxidative depending on whether electrons are transferred from or to the working electrode, respectively. The counter electrode closes the electrical circuit.
The current (units of ampere [A]) represents exchanged charge (Q) per time (t) (units of coulombs per second [C/s]). Accordingly, the measured current directly corresponds to the rate at which electrons are transferred across the working electrode surface at the applied E:
where F is the Faraday constant (96485 [C/mol]) and n e− [mol] is the number of electrons transferred, which is obtained by integration of eq 1 over time:
Depending on the experiment, the measured current may need to be corrected for the background current measured in the absence of the geochemical sample. Background currents arise from capacitive charging of the WE-solution interface as well as from slow electron transfer to and from species in solution
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Critical Review (e.g., slow reduction of protons at the WE surface at low applied potentials). In amperometric techniques, the applied E may either be held constant over time (i.e., constant potential techniques) or varied systematically with time (i.e., potentiodynamic techniques). The most commonly used constant potential amperometric technique is chronoamperometry (origin: chrono, meaning time, amperometry, meaning measured current). There are a number of potentiodynamic amperometric techniques. Most commonly, the E is swept at a linear rate in so-called "potential sweep" techniques. The sweep may either be in only one potential direction (i.e., linear sweep voltammetry) or cycled between upper and lower vertex potentials (i.e., cyclic voltammetry). The data collected from these techniques is typically plotted as (cyclic) voltammograms, in which the measured I is plotted versus the applied E. The voltammograms provide insight into the E range over which electrons are transferred and the kinetics and reversibility of electron transfer to and from redox-active minerals (e.g., by examining current responses when sweeping in reductive and oxidative directions). The responses from potentiodynamic techniques are, however, often difficult to interpret (particularly in quantitative terms), especially if the working electrode and its surroundings are at disequilibrium with each other during measurements and/or if electron transfer is irreversible. In these cases, one must take caution when making thermodynamic arguments based on data from potentiodynamic measurements.
Potentiometric Techniques. Potentiometric measurements determine the reduction potentials of a sample relative to defined reference states. These potentials are also referred to as "open circuit potentials" (i.e., E OCP ), denoting that a high resistance is placed in the measurement circuit that impedes the exchange of electrons between the working electrode and the redox-active phase(s) during the measurements. 67, 71 At the E OCP , the rates of oxidation and reduction reactions at the working electrode surface are kinetically balanced, resulting in negligible net current flows. As a consequence, potentiometric measurements do not require a counter electrode and are typically conducted with only a working electrode and a reference electrode. Both electrodes can be combined in a single enclosure. Such combined electrodes include standard "redox" electrodes (e.g., a Pt ring working electrode combined with an Ag/AgCl reference electrode), pH electrodes, as well as other electrodes commonly used in water quality measurements.
While OCP measurements are easy to conduct, the data obtained require cautious interpretation because the measured E OCP values correspond to the E of the redox-active phase(s) only if redox equilibration is obtained between the working electrode and phase(s) during the measurement. However, redox equilibration is often (extremely) slow, resulting in small, yet continuous drifts of E OCP . Furthermore, redox electrodes may become poisoned over time (e.g., the formation of hydroxides and sulfides on the electrode surface). In all of these cases, the systems are prone to measurement artifacts, in that the measured E OCP values do not reflect the true E of the mineral(s), as detailed in the next section.
Challenges and Intrinsic Complexity of Electrochemical Analyses of Redox-Active Minerals. The largest challenge in using electrochemical techniques for the characterization of redox-active minerals is to attain redox equilibrium between the mineral sample and working electrode. Many minerals show slow or nonexisting redox equilibration with electrodes and thus give rise to artifacts in both amperometric and potentiometric measurements. The lack of redox equilibria has been documented for several systems containing suspended redox-active minerals. 72−75 A further complication can arise when samples contain more than one redox-active species at different potentials that transfer electron to and from the working electrode at different rates. These systems may produce so-called "mixed potentials" that result from different phases contributing to the net measured potential. 76, 77 The most common strategies to promote mineral−electrode redox equilibration are (i) to bring the mineral in direct contact with an underlying working electrode (or even using the mineral as the working electrode), as discussed in the section on nonmediated analyses, and (ii) to use dissolved redox mediators that rapidly equilibrate with both the working electrode and mineral sample, as detailed in the section on mediated analyses.
Even if equilibrium is attained, the electrochemical analyses of minerals remain challenging, as a number of intrinsic mineral properties affect electrochemical responses, including mineral purity, crystallinity, and electronic structure as well as the chemistry, morphology, and size distribution of mineral particles. 61, 78 The dependence of electrochemical responses on mineral purity and composition can be used to discriminate between solid solutions (i.e., a single mineral phase containing elemental impurities) and mechanical mixtures of two or more distinct mineral phases. 61 The crystallinity of a mineral may change as a direct result of electron transfer to and from the mineral in amperometric analyses. For instance, electron transfer to ferrihydrite can facilitate a secondary mineral transformation into thermodynamically more stable iron oxides, such as lepidocrocite. 79 Smaller particles typically exhibit faster electron transfer rates than larger particulate samples, 75 consistent with the increase in specific surface areas with decreasing particle sizes. 80 Consequently, mineral samples with wide particle size distributions exhibit complex electron transfer kinetics. 80−82 Mineral particle sizes and morphologiesand hence, the current responsesmay change during amperometric analyses of minerals that undergo partial or complete dissolution during reduction or oxidation, as observed for iron and manganese oxides (e.g., Fe 2+ is soluble at neutral pH values, while Fe 3+ is insoluble). 80, 81, 83 Mineral dissolution may further compromise measurements if the dissolved metals subsequently reprecipitate as a new phase at the mineral-electrode interface. This phenomenon has been reported for cyclic voltammetry experiments with alternating reducing and oxidizing conditions. 84, 85 Multiple approaches have been developed to attain redox equilibration between minerals and working electrodes, which are reviewed in the next two sections, covering nonmediated and mediated analyses, respectively. The former summarizes work that relied on bringing the minerals into direct contact with the working electrode surface to facilitate equilibrium. The latter presents strategies that use dissolved redox mediators to facilitate redox equilibration and highlights some of the unique analytical insights into mineral redox properties that this approach provides.
■ NONMEDIATED ELECTROCHEMICAL ANALYSES OF REDOX-ACTIVE MINERALS
To establish redox equilibrium between a redox-active mineral and a solution over the course of electrochemical measure-
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Critical Review ments, past studies have most commonly relied on placing the mineral in direct physical contact with an existing working electrode surface or embedding the mineral into a conductive matrix that covers an underlying existing working electrode; in both cases, the mineral phase subsequently served as the working electrode ( Figure 1 ). We refer to these approaches collectively as "non-mediated", to denote that no soluble redox mediators are added to facilitate electron transfer between the electrode and the mineral. The three most common approaches are to directly use the mineral as the working electrode (i.e., compact crystal electrodes), to impregnate the surface of an inert working electrode with mineral particles (i.e., direct immobilization), and to mix the mineral into a conductive matrix that serves as the working electrode (i.e., composite electrodes) ( Figure 1 ). The following subsections summarize results of past studies that have used these three approaches. The summary is concise in recognition of several more extensive reviews on these approaches. 61, 62, 70, 86 In contrast to past reviews, we highlight the major challenges in interpreting data collected with these approaches. In this review, we omit film-based electrodes, including clay-modified electrodes, given that these electrodes are commonly used to study the interactions of the mineral film with dissolved electroactive species and not necessarily the redox properties of the minerals that constitute the films. 87 Compact Crystal Electrodes. The simplest means to establish redox equilibrium with a mineral in nonmediated electrochemical measurements is to have the mineral specimen become the working electrode (i.e., compact crystal electrode). This approach differs from the others in that the constructed electrode contains no additives, such as conductive binders. These electrodes are generally made using two strategies. In the first, a large natural or fabricated single mineral crystal with dimensions on the mm to cm scale is used as the working electrode. This approach allows one to probe reactions at specific crystal faces of the mineral, which are exposed to the solution. 28, 88, 89 The second strategy is to create a compacted powder-based electrode (often referred to as packed powder disk electrodes). This approach allows analyzing minerals for which large single crystals are not available. Here, a mineral powder is packed into a cavity between an existing working electrode surface and the aqueous solution. The packing may involve high pressure and/or sintering at elevated temperatures. However, these treatments can lead to unwanted mineral transformations. 61 Packed powder disk electrodes can be used to study the effects of mineral particle size on reactivity. 90, 91 Compact crystal electrodes have been used to investigate basic redox properties and transformation processes of (semi)conducting minerals. Most commonly, the reductive or oxidative dissolution behavior of a mineral under a constant applied potential is assessed to elucidate corrosion mechanisms and rates. 63,84,92−98 These electrodes are also used to potentiometrically measure the E OCP values of the minerals under defined solution conditions. 58, 63, 95, 97, 99, 100 This approach is particularly useful in analyzing specimens that lack thermodynamic reference values, such as nanoparticles. 58, 95, 100 The electrodes may also be used in potentiodynamic amperometric measurements to determine the E values at which the minerals undergo reduction and oxidation reactions. 84,90,91,93,94,99,101−103 The obtained data sets allow relating observed reaction rates to applied potentials, as shown by Nurmi et al. for several fabricated Fe 0 nanoparticles. 101 Compact crystal electrodes require conduction in the mineral, thus excluding non-or poorly conducting minerals (such as goethite or iron-bearing clay minerals) from this analysis.
Direct Mineral Immobilization. In the second approach, direct immobilization, a mineral is impregnated into the surface of a soft host electrode that is relatively inert with respect to the solution, such as graphite, pencil lead, or gold. The embedding process typically involves pressing or grinding the working electrode against the mineral, which may be a macroscopic solid or a powder. 61 The embedded material may be used as is or heated to create a thin (μm-scale) homogeneous film. 102, 104 The main advantages of this technique are that the electrodes are easy to prepare relative to other nonmediated electrochemical techniques and require only small amounts of the mineral (typically on the order of micrograms).
Similar to compact crystal electrodes, this approach is commonly used in amperometric measurements to assess reductive and oxidative mineral dissolution. Among these 
Critical Review techniques is abrasive stripping voltammetry, in which abrasion and stripping refer to the immobilization process and subsequent mineral dissolution, respectively. 105 This approach has been successfully applied to characterize the reductive dissolution of several iron (oxyhydr-)oxides as a function of electron transfer rates into the oxide, 106 solution chemistry and mineral particle shape and morphology. 107, 108 Composite Electrodes. In the third and final approach, composite electrodes are prepared by mixing the mineral with a conductive additive, and, in some cases, a binder material. 109, 110 Composite electrodes are often formed using carbonaceous conductive additives (e.g., carbon black, acetylene black, milled graphite) and are then referred to as carbon paste (electroactive) electrodes. 61,110−113 This approach is particularly valuable for minerals that lack the intrinsic high conductivity required for compact crystal electrode measurements. However, the conductive additive may react with the embedded mineral or with products formed and thereby affect the electrochemical responses. 62, 109, 114 Furthermore, the construction of composite electrodes is relatively labor intensive and intricate. While composite electrodes are frequently used to study phases relevant to energy storage, there are relatively few studies on environmentally relevant iron-and manganese containing minerals. 109, 114, 115 Major Challenges in Nonmediated Electrochemical Analyses. While nonmediated electrochemical analyses have advanced the general understanding of redox processes involving minerals, the approaches collectively face three major challenges. First, an inherent problem arises when using mineral phases that are nonconductive or semiconducting, as they can exhibit complex band bending phenomena when brought into direct contact with an existing metal working electrode. 116 This band bending can significantly alter both the measured potentials and the kinetics or electron transfer between the mineral phase of interest and the underlying working electrode. These effects are difficult and often practically impossible to account for when performing measurements. Second, different nonmediated electrochemical techniques applied to the same sample may yield conflicting results. For instance, the reductive dissolution of lead oxides assessed in composite electrodes and via direct immobilization resulted in different E values at which dissolution occurred and different reversibilities of electron transfer. 117 Another study showed that two procedures of preparing composite electrodes with ferrocene resulted in E values for the ferrocene/ ferrocenium redox couple that differed by as much as 150 mV. 118 The third major drawback is that it is difficult, and in some cases impossible, to accurately control and/or quantify the amount of electrochemically active mineral that is transferred to the constructed electrodes, particularly when using packed bed electrodes or direct immobilization approaches. If the amount of added mineral remains poorly defined, it is impossible to quantify the fraction of the redoxactive elements in the mineral that is electroactive in amperometric measurements. Previous work has found that this fraction can depend on several factors, including the particle size of the mineral, the presence of complexing agents in the binder of composite electrodes (e.g., oxalate), 114 the binder thickness, the type of potentiodynamic technique used, and experimental parameters used during measurements (e.g., the scan rate). 109 These issues imply that complementary techniques are needed to quantitatively relate E values to the redox state of an element in the mineral. 61 ■ MEDIATED ELECTROCHEMICAL ANALYSIS OF
REDOX-ACTIVE MINERALS
Mediated electrochemical analyses offer an alternative, yet rarely utilized, means to assess the redox properties of minerals. In these analyses, dissolved redox-active compounds, called redox mediators (M), are added to the solution to facilitate electron transfer and E equilibration between the working electrode and mineral particles in the electrochemical cell ( Figure 1 ). Typically, carbonaceous working electrodes are used that are chemically inert and have a wide potential window in aqueous solutions (e.g., vitreous or glassy carbon). Redox mediators can be used in both amperometric and potentiometric measurements. Figure 2a ,b shows the general principles of two complementary amperometric techniques: mediated electrochemical reduction (MER) and mediated electrochemical oxidation (MEO). In MER, oxidized mediator species (M ox ) are added to an aqueous solution in the electrochemical cell and are reduced at the working electrode to form reduced mediator species (M red ). The extent of reduction is determined by the potential applied to the working electrode and the apparent standard reduction potential of the mediator under the experimental conditions, E H 0 ′ (where the subscript H denotes that values are referenced to the standard hydrogen electrode (SHE), the superscript 0 that equal activities of oxidized and reduced analyte species are present, and the superscript ′ denotes that the potentials are corrected for experimental conditions (e.g., solution pH and concentration of reacting species) that deviate from standard state conditions). Upon attainment of redox equilibrium between the mediator and the working electrode, and hence stable current readings, the mineral is added to the cell either as a powder or suspended in a small solution volume. Electron transfer from M red to the oxidized minerals (A ox , where A stands for the more generic term "analyte") reduces redox-active elements in the mineral (e.g., Fe 3+ ) and thereby regenerates M ox . M ox is subsequently rereduced at the working electrode to M red , resulting in a reductive current response (I red ), which is measured by the potentiostat. Electron transfer mediation in MEO proceeds in an analogous manner: electrochemically generated M ox oxidizes A red , thereby forming A ox and M red . The newly generated M red is reoxidized to M ox at the working electrode resulting in an oxidative current response (I ox ). Figure 2c shows a schematic of diquat-mediated electrochemical reduction of mineral-associated Fe 3+ and ABTS-mediated electrochemical oxidation of mineral-associated Fe 2+ .
Mediated electrochemical analyses have only recently been added to the environmental scientists' and geochemists' toolkits. However, this approach has been used in other fields for decades. Mediated electrochemical analyses were developed in the 1970s to study redox properties and reactivities of redoxactive centers in proteins, 119−122 including cytochrome c oxidase, 123, 124 cytochrome c, 120, 124, 125 myoglobin, 120 ferredoxin, 125−127 and ferritin. 128, 129 The use of water-soluble redox mediators provided fast electron transfer between the working electrode and the redox-active centers of the proteins and thereby eliminated kinetic artifacts that resulted from sluggish electron transfer in nonmediated measurements. Mediators were successfully employed in different electrochemical techniques, including thin layer cyclic voltammetry, 125 stepped potential microcoulometry, 129, 130 and controlled potential electrolysis. 131 It is noteworthy that the use of redox mediators to facilitate electron transfer to minerals occurs naturally in the environment. Many dissimilatory metal reducing bacteria, including Shewanella 132−134 and Geothrix, 135 excrete endogenous and/or use exogenous extracellular "electron shuttling" compounds to transfer electrons to solid mineral substrates, including iron (oxyhydr-)oxides and particulate organic matter, during anaerobic respiration. A range of endogenous mediator compounds have been described, 136 among which flavins are considered the most important. 133, 134, 137, 138 Flavins can be reduced in the extracellular space by cytochrome proteins on the outer membrane of the bacteria. The reduced flavins diffuse away from the bacterial cell toward the mineral surface, where they transfer electrons to solid-phase Fe 3+ , forming Fe 2+ . Reoxidized flavins that reach the bacterial cell close the catalytic cycle. The exogenous "electron shuttles" include dissolved organic matter present in soil and sediment pore waters. 139−141 Only a few studies have applied mediated electrochemical analyses to minerals. In early work, this approach was successfully used to quantify the amount of redox-active iron on the surface of asbestos fibers. 142 Mediators were also used in potentiometric measurements of the E in natural sediments 143, 144 and iron oxide suspensions. 145 However, in these studies, redox equilibration of the mediators with the sediment was not determined electrochemically, but instead monitored spectrophotometrically, making use of differences in the UV− vis absorbance spectra of the oxidized and the reduced mediator species. Recent work in our group and others 146 has demonstrated the unique possibilities of mediated electro-chemical analyses to study the redox properties and reactivities of minerals and organic geochemical phases. We will highlight some of these possibilities below, following a discussion on the characteristics of suitable redox mediators. A detailed guide for setting up and conducting mediated amperometric and potentiometric analyses is provided in the Supporting Information.
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Characteristics of Redox Mediators. To perform accurate and artifact-free mediated electrochemical analyses, one needs to carefully select appropriate mediator compounds that meet a number of important requirements 121 besides the most fundamental prerequisite of fast redox equilibration and electron transfer between the mediator and the analyte. The following subsection summarizes these requirements and provides a list of mediators that were successfully employed in recent redox analyses of structural iron in minerals 146−149 and redox-active functional groups in dissolved and particulate organic matter. 150−156 Well-Defined Standard Reduction Potentials and Electron and Proton Transfer Stoichiometries. Redox mediators (M) must (i) undergo fully reversible electron transfer (i.e., both the reduced and oxidized mediator species should not undergo irreversible side reactions), (ii) have well-defined apparent standard reduction potentials under the experimental conditions, E H 0 ′, and (iii) react with known reaction stoichiometries with respect to the numbers of electrons (n) and protons (m) transferred during reduction/oxidation (eq 3). In MER, the redox mediator−in this case diquat (DQ) − is reduced from its oxidized form (DQ 2+ ) to its reduced, radical form (DQ +• ) at the working electrode. The DQ +• then transfers an electron to the mineral containing structural ferric iron (Fe 3+ ), producing ferrous iron (Fe 2+ ) and DQ 2+ . The DQ 2+ is then rereduced at the working electrode that is polarized at a constant E H . In MEO, the mediator ABTS is oxidized at the working electrode from its reduced state (ABTS 2− ) to its one-electron oxidized state (ABTS −• ). The ABTS −• then accepts an electron from Fe 2+ , forming ABTS 2− and Fe 3+ . ABTS 2− is then reoxidized at the working electrode.

Critical Review
The use of mediators that undergo single electron transfers (i.e., n = 1) and are proton decoupled (i.e., m = 0) is preferable because they provide two unique features. First, single electron transfer mediators often exhibit much faster electron transfer rates than mediators of comparable E H 0 ′ values that undergo proton coupled transfers of multiple electrons. Fast electron transfer is a key requirement to rapidly reach redox equilibrium conditions during measurements. Second, solution pH does not affect the speciation of M ox and M red . By comparison, mediators with coupled proton to electron transfers show pH-dependent protonation states of M ox and/or M red and, as a consequence, pH-dependent reactivities that can largely complicate data interpretation. For example, the two-electron reduction of a 1,4-quinone to a 1,4-hydroquinone is coupled to the transfer of two protons at acidic to circumneutral pH, one proton at slightly alkaline pH (to form the monophenolate species), and no proton at high pH (to form the diphenolate species). These different species may have different electron transfer rates with minerals and the working electrode and may therefore bias mediated electrochemical analyses. 157 Solubility and Stability in Aqueous Solutions over the Experimental pH Range. For reliable use of the mediators in aqueous systems, the oxidized and reduced mediator species must be soluble in water. Aqueous solubilities are high for charged (i.e., cationic, anionic, or zwitterionic) and some polar (i.e., H-bond accepting and donating) mediators, but not for nonpolar mediators. A second requirement is that the mediators must not degrade in water over the course of the electrochemical analyses. Control experiments are warranted for some mediators to assess their pH-dependent susceptibility to hydrolysis. Finally, the reduced and oxidized mediator species should not reduce protons (i.e., H + + e − → 1 / 2 H 2 ) nor oxidize water (i.e., 
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Critical Review mixtures of redox mediators are used to facilitate electron transfer over a wider E H range, it is critical to first establish that the different mediators react with each other exclusively by electron transfer. 54 Reversible Interactions of the Mediator with the Mineral and the Working Electrode. The mediator must get in close contact with both the mineral and the working electrode surfaces to allow for electron transfers. At the same time, strong and irreversible adsorption of the mediator to either of the two surfaces is undesirable because adsorption would lower the effective mediator concentration in solution and thereby decrease the rate of electron transfer. Furthermore, preferential adsorption of the oxidized or reduced mediator species is problematic because it would change the potential of the bulk solution as well as of the mineral surface. The resulting nonequilibrium between the solution and the E applied to the working electrode would result in an unwanted current response that is not due to electron transfer to/from the mineral but rather to mediator adsorption to the mineral. The same type of artifacts can result if the mediator forms complexes with mineral surfaces.
Several studies have assessed redox mediators for a range of applications. 54,143,158−167 The redox mediators that have been successfully employed to date in mediated electrochemical analyses of purified geochemical phases, including natural organic matter, 150−153,155,156,168−171 iron-bearing clay minerals, 147−149 iron (oxyhydr-)oxides, 146, 172 and natural sediment samples 172 are listed in Figure 3 . The figure also lists the apparent standard reduction potentials of the mediators at pH 7 (E H 0 ′), and the moles of electrons, n, and protons, m, that are transferred to/from one mole of each mediator. It is important to note that each depicted compound effectively mediates electron transfer only over a relatively narrow E H range of approximately E H 0 ′ ± 120 mV, according to the Nernst Equation. As a consequence, a large set of redox mediators is required to cover the entire range of environmentally relevant E H values found in aqueous systems (i.e., from approximately E H = +0.8 V to −0.5 V at circumneutral pH). Derivatives of 4,4′-and 2,2′-bipyridyls define a larger set of one electron transfer mediators that cover a wide E H 0 ′ range and therefore can be used as mediators under reducing conditions. A commonly used mediator under oxidative conditions is ABTS due to its high first electron oxidation potential (E H 0 ′ = 0.70 V vs. SHE). We recently demonstrated that ABTS •− /ABTS 2− can be also employed to quantify the antioxidant capacities of natural organic matter 151, 168 and the concentrations of reduced structural iron in clay minerals. 147−149 Information Obtained from Mediated Amperometric Analysis of Minerals. The current responses in mediated amperometric analyses of minerals allow determining (i) the number of electrons that are transferred to and from the analyte in MER and MEO, respectively, by integration of the current responses; (ii) the dependencies of electron transfer to and from the mineral on the E applied to the working electrode and on the solution pH, and (iii) the rates at which the electrons are transferred over the course of the mineral reduction or oxidation. The following two subsections address the first two points and, for illustrative purposes, include data obtained from mediated amperometric analyses of a well-characterized ironbearing clay mineral (i.e., ferruginous smectite SWa-1). 147−149 The use of mediated amperometric analyses to study electron transfer rates to and from minerals has, so far, been explored to a lesser extent 146 and will thus be only briefly described. We do not discuss the results of potentiometric measurements because the obtained E H OCP values are straightforward to interpret, provided that redox equilibrium is attained.
Quantifying of the Number of Electrons Transferred to and from Minerals. The number of electrons transferred to and from a mineral, q red and q ox (both in moles of electrons, e − ), are quantified by integrating the reductive and oxidative current peaks obtained in MER and MEO, respectively (analogous to eq 2):
where t 0 and t end [s] define the integration boundaries of the current peaks, I red and I ox (both in units of amperes, [A] = [C/ s]) correspond to the measured reductive and oxidative currents, and the subscript "background" stands for the respective background currents in the absence of the analyte. Figure 4 shows an example for background-corrected reductive and oxidative current peaks in MER and MEO obtained by adding increasing amounts of the iron-bearing smectite SWa-1 (12.6 wt % Fe) to the electrochemical cells. MER was performed with triquat (TQ; Figure 3 ) on native SWa-1, in which all structural Fe was initially present as Fe 3+ . MEO was performed with ABTS on dithionite pre-reduced SWa-1, in which 98% of the structural iron was initially present as Fe 2+ . Figure 4b,d shows that q red and q ox increased linearly with increasing added amounts of the respective SWa-1 and therefore that the number of electrons transferred were directly proportional to the amount of added structural Fe 3+ or Fe 2+ . Figure 4 further illustrates the very low limits of quantification obtained by mediated amperometric analyses: electron transfer to as little as 88 nmoles of Fe 3+ in 39 μg of SWa-1 was accurately quantified. This finding is particularly remarkable considering that the added iron was embedded in the silicate mineral matrix and hence not freely dissolved in the electrochemical cell during analysis. We note that the addition of the same clay specimen to the electrochemical cells containing no mediators did not result in defined current responses. 147 Determination of Electron Accepting and Donating Capacities of a Mineral. The numbers of electrons transferred to and from minerals in MER and MEO (i.e., q red and q ox ) are expected to linearly correlate with the masses of added mineral, as shown exemplarily for SWa-1 in Figure 4b,d . The massnormalized numbers of electrons transferred to and from a mineral are the so-called electron accepting and donating capacities, EAC and EDC (both [mol e − /g A ]), respectively:
where m A [g] is the mass of the added mineral analyte. The sum of EAC and EDC, which we define as electron exchanging capacity EEC, is a direct measure of the total number of electrons that are transferred to and from the mineral analyte at the applied E values. For the later discussion, it is important to bear in mind that the EAC and EDC values (and hence also the EEC values) depend on the electrochemical conditions (i.e., reductive and oxidative E values applied to the working electrodes and the solution pH) used during mediated electrochemical reduction and oxidation, respectively.
In combination, the quantification of EAC and EDC values at very low and high applied potentials allows comparing the redox states of different minerals and, more importantly, determining changes in the redox state of a given mineral over the course of a reaction. For instance, at applied potentials of −0.60 V and +0.61 V, native SWa-1 containing only structural Fe 3+ but no Fe 2+ was found to have an EAC of 2.21 ± 0.01 mmol e−/g (Figure 4b , reflecting electron transfer to structural Fe 3+ to form structural Fe 2+ ) and an EDC of 0 mmol e−/g (not shown; the absence of an oxidative current response is consistent with the lack of structural Fe 2+ in native SWa-1 that could donate electrons to ABTS −• ). Dithionite reduction of the Fe 3+ in native SWa-1 lowered the EAC to 0.05 ± 0.01 mmol e − /g (not shown) while it increased the EDC to 2.24 ± 0.02 mmol e − /g (Figure 4d ). Intermediate EAC and EDC values were quantified for the native SWa-1 following partial reduction with dithionite and for the dithionite-reduced SWa-1 following partial reoxidation ( Table 1 ). All specimens had very similar EEC values, indicating that no structural Fe was lost from this clay during the different sample treatments. Systems in which EEC values decrease or increase during redox cycling would instead reveal that redox-active constituents are lost from or formed in the mineral during sample treatment, respectively.
The extents of reduction of the different clay specimens can be quantitatively described by the Reduction Index, RI:
The RI varies between 0 and 1 for fully reduced and oxidized specimens, respectively. Table 1 shows that the different treatments resulted in SWa-1 specimens with RI between 0.00 and 0.98. Clearly, these electrochemical analyses of redox states are much more easily carried out and sensitive than previous approaches that quantified Fe 2+ and Fe 3+ that were extracted from the clays through tedious and dangerous mineral dissolution using hydrofluoric acid. 173, 174 The mediated electrochemical quantification of RI of a mineral can be complemented with spectroscopic analyses of the Fe redox states in the mineral using Mossbauer spectroscopy.
Determination of the Fraction of Redox-Active Elements in the Mineral That Participate in Electron Transfer. For wellcharacterized minerals with known concentrations of redoxactive elements, it is possible to determine the fraction of the total redox-active elements that accept and donate electrons under the applied E and solution conditions (pH and ionic strength) employed in the mediated electrochemical analyses. We refer to this fraction as the coulometric eff iciency (CE): = ∑ · a n CE EEC i i i (7) where a i , [mol a i /g A ] is the molar concentration of the redox active element i in the analyte A; and n i [mol e-/mol a i ] are the moles of electrons transferred to and from one mole of a i . Data collected with SWa-1 again serves as an illustrative example ( Figure 4 and Table 1 ). The structural Fe content of SWa-1 was determined as a total = 2.26 ± 0.02 [mmol Fe/g] following its complete digestion in acid. 147 For the Fe 3+ /Fe 2+ redox couple, n i is 1 mol e − /mol Fe. The calculated CE values of four SWa-1 specimen with different sample pretreatments ranged from 95.3 (±5.2) % to 101.4 (±1.2) %. These values imply that all structural Fe in SWa-1 was redox-active under the chosen electrochemical conditions and that the different sample treatments selectively altered the redox state of the structural Fe. We note that CE values much smaller than 100% were determined for other iron-bearing clay minerals under the same electrochemical conditions. 149 Mediated electrochemical analyses can therefore be used to assess how the microenvironments of redox-active elements in minerals govern bulk mineral redox properties including the fractions of the redox-active elements that readily undergo electron transfer with solutionphase redox mediators.
Determination of E and pH Dependence of Electron Transfer to/from the Mineral. As detailed in the previous discussion, all structural Fe in SWa-1 was electroactive when running MER and MEO at pH 7.5 and at very low and high applied potentials, respectively. Mediated electrochemical analyses may, however, also be used to quantify EAC and EDC values at intermediate applied E H and as a function of the solution pH in the electrochemical cell. Systematic variations in E H and pH can thus provide insights into the distribution of reduction potentials of the redox-active elements in the mineral and into the proton coupling of the electron transfers.
First, let us consider the mediated electrochemical analysis of a given mineral at different E H values in MER and MEO while the solution pH is kept constant. For minerals with known concentrations and initial redox states of the redox-active element a i , the transferred number of electrons at intermediate applied E H can be used to determine the concentrations of the reduced and oxidized species of a i (i.e., [a i,red ] and [a i,ox ]) as a function of applied E H . As an illustrative example Figure 5 shows the results of MER experiments in which aliquots of fully oxidized, native SWa-1 (i.e., 100% Fe 3+ ) were added to cells poised to different E H . In this figure, the numbers of electrons transferred to Fe 3+ are expressed as the formed Fe 2+ normalized to the total structural Fe in SWa-1, Fe total . The resulting 
where E H ø ′ [V] is the apparent standard reduction potential of the mineral under the used solution conditions, R [J/(mol K)] is the universal gas constant, T [K] is the absolute temperature, F is the Faraday constant [96485 C/mol], n i [mol e − /mol a i ] is the stoichiometry of electron transfer between the reduced and oxidized solid-state species, a i,red and a i,ox , respectively (i.e., in the case of SWa-1, a i,red and a i,ox correspond to Fe 2+ and Fe 3+ , respectively, and n Fe = 1 mol e − /mol Fe). The dimensionless factor β ranges between 0 and 1 with decreasing values indicating widening of the E H range over which electrons are accepted and donated relative to the ideal Nernst case (i.e., β = 1). [a i,red ] and [a i,ox ] denote the solid-state concentrations (as approximations of activities) of the reduced and the oxidized species of a i . We deliberately report apparent standard reduction potentials (E H ø ′) instead of true standard reduction potentials (E H 0 ′) to account for the fact that the dependency of the redox state of a mineral on the applied E H may involve metastable states in the solid. 148 Equation 8 can be rearranged to The data from Figure 5a is replotted in the linearized form in Figure 5b The low β value implies that electrons were transferred to Fe 3+ in the SWa-1 over a much wider E H range (i.e., 0.8 V) than expected if ideal Nernstian redox behavior had applied (i.e., β = 1 and 99% redox conversion of the analyte over a potential range of 0.24 V). This finding implies that native SWa-1 may act as an electron acceptor over wide E H ranges in natural systems. A more detailed discussion of the potential distribution of redox-active iron in SWa-1 and additional iron-bearing clay minerals as well as the reversibility of and electron transfer to and from structural iron are provided elsewhere. 147−149 If the electron transfer to and from redox active elements a i in the mineral is coupled to proton transfer, then the E H of the mineral is expected to depend on the solution pH. Mediated electrochemical analyses offers the possibility to assess proton coupled electron transfer by varying the solution pH in the electrochemical cell. The independent control of pH and E H is a unique advantage of the electrochemical approach over other techniques that rely on reacting the minerals with bulk chemical reductants and oxidants, many of which have pH dependent redox properties and reactivities. An example for mediated electrochemical analysis of minerals at different pH values is given in Figure 6 for native SWa-1. The extents of structural Fe 3+ reduction in native SWa-1 for a constant applied E H increased with decreasing pH from and pH 9 to 7.5 and 5. This pH dependence suggests that the reduction of structural Fe was coupled to proton consumption, 175, 176 consistent with previous observations and calculations. 175,177−179 A similar setup of mediated electrochemical analyses may be used to determine the proton to electron transfer stoichiometries in the reductive dissolutions of Fe (oxyhydr-)oxides.
Determination of Rates of Electron Transfer to/from the Mineral. As previously discussed, the background-corrected current at any given time during the electrochemical analysis directly corresponds to the rate at which electrons are transferred across the working electrode surface. 67 In principle, this measured rate of electron transfer can be limited by one of three steps: (i) the electron transfer between the mediator and the mineral (which itself may be controlled by the rate of electron transfer in the mineral), (ii) the mass transfer of the mediator between the mineral and the working electrode, and (iii) the electron transfer between the mediator and the working electrode.
For systems in which the rate is limited by step (i), a secondorder electron transfer rate can be estimated by the following relationship (as detailed in the Supporting Information): 
It is possible to assess whether step (i) or the steps (ii) and (iii) are rate determining for a given system by also analyzing the baseline-corrected current response resulting from the addition of a small amount of the mediator to the electrochemical cell, according to eq 10. Mineral-mediator combinations in which the rate of step (i) is comparable or faster than the combined rate of steps (ii) and (iii) cannot be kinetically interpreted using the above-described setup of constant potential amperometry. For such systems, the regression lines of ln (1 − ((∫ t 0 t ((1/F)·I(t))dt)/(∫ t 0 t ∞ ((1/F)·I(t))dt))) versus t for the analyses of analyte peaks will be comparable or identical to the slopes obtained from analyzing mediator peaks. However, rate limitation by steps (ii) and (iii) can typically be eliminated by continuously stirring the solution in the electrochemical cell during the analysis and by choosing redox mediators that undergo rapid electron transfer with the working electrode, respectively. Systems in which step (i) is slower than the combined steps (ii) and (iii) will have smaller slopes of ln (1 − ((∫ t 0 t ((1/F)·I(t))dt)/(∫ t 0 t ∞ ((1/F)·I(t))dt))) versus t when analyzing the current peaks in responses to the addition of the minerals as compared to those obtained from adding the mediator. In these systems, the current response is a direct measure for the electron transfer between the mediator and the mineral. Using this approach, a systematic analysis of electron transfer rates as a function of the E and pH of a system as well as on the physicochemical properties of the electron transfer mediator is a promising means to link mineral redox reactivity to thermodynamics. We expect that this approach will be used to quantitatively describe differences in the reactivity of minerals and to link these differences to mineral crystallinity.
■ SUMMARY REMARKS AND OUTLOOK
This review highlights the distinct capabilities of analytical electrochemistry and, in particular, mediated electrochemical analyses in directly measuring the redox properties and reactivities of particulate mineral phases. We anticipate that mediated electrochemical analysis will become a frequently used technique for characterizing both mineral and solid organic geochemical phases. The obtained insights into the redox properties and reactivities of the minerals will largely advance our understanding of redox reactions involving geochemical phases and their effects on the cycling of elements and nutrients as well as on the fate and toxicity of organic and inorganic pollutants. We note that mediated electrochemical analysis is also applicable to minerals that undergo reductive dissolution. In fact, the electrochemical approach offers unique advantages over batch studies to systematically study reductive mineral dissolution in that the rates of electron transfer to such minerals can easily be assessed as a function of E H and solution pH.
In the near future, we foresee that mediated electrochemical analyses as an analytical technique will be advanced with respect to the following features. First, we expect that the list of suitable redox mediators will be further extended. New mediators may be synthesized to increase the coverage of the environmentally relevant range of reduction potentials. Sets of mediators with the same core structure but different substituents may be employed to assess how mediator interactions with the mineral surface affect electron transfer. 180 Second, future work will be directed toward miniaturizing the working electrodes used in the electrochemical analyses. Such miniaturizations will further lower the amounts of material needed for the analysis. The use of μm-sized working electrodes mounted in micromanipulation stages will open the possibility to map the spatial heterogeneity of mineral surface redox properties at μm resolution. In fact, some of these features are already implemented in scanning electrochemical microscopy (SECM), a surface analysis technique that relies on using dissolved redox-active mediators in solution to characterize surfaces. 181−183 We anticipate that SECM will become more intensely used in geochemical research over the next years. Third, future studies can combine mediated amperometric and potentiometric measurements with other techniques, such as spectroscopic analyses, to directly link electron transfer rates and thermodynamics to molecular-scale and bulk mineral properties.
Mediated electrochemical analysis is universally applicable to redox-active particulate samples. In addition to well-characterized mineral and organic geochemical phases, the analyzed samples may include poorly defined natural samples that contain mixtures of redox-active minerals and organic constituents. In these cases, mediated electrochemical analyses combined with spectroscopic and elemental composition analyses will open new possibilities to identify the predominant redox-active constituents in complex samples and to assess their relative importance to the overall redox properties of a bulk sample. Mediated electrochemical analyses can also be used in future studies to directly monitor changes in the redox states of geochemical phases during abiotic and biotic redox processes in an integrative manner. As such, mediated electrochemical analyses offers unprecedented analytical capabilities to close electron budgets and to assess the reversibility of electron transfer in redox reactions involving mineral and organic geochemical phases. 
